The diversity of archaeal communities growing in four hot springs (65-90 1C, pH 6.5) was assessed with 16S rRNA gene primers specific for the domain Archaea. Overall, mainly uncultured members of the Desulfurococcales, the Thermoproteales and the Korarchaeota, were identified. Based on this diversity, a set of chaperonin heat-shock protein (Hsp60) gene sequences from different archaeal species were aligned to design two degenerate primer sets for the amplification of the chaperonin gene: Ths and Kor (which can also detect the korarchaeotal chaperonin gene from one of the samples). A phylogenetic tree was constructed using the chaperonin sequences retrieved and other sequences from cultured representatives. The Alpha and Beta paralogs of the chaperonin gene were observed within the main clades and orthologs among them. Cultivated representatives from these clades were assigned to either paralog in the chaperonin tree. Uncultured representatives observed in the 16S rRNA gene analysis were found to be related to the Desulfurococcales. The topologies of the 16S rRNA gene and chaperonin phylogenetic trees were compared, and similar phylogenetic relationships were observed. Our results suggest that the chaperonin Hsp60 gene may be used as a phylogenetic marker for the clades found in this extreme environment.
Introduction
The domain Archaea was, until recently, divided into two main phyla: the Euryarchaeota and the Crenarchaeota (Woese et al., 1990) . Nevertheless, the phylogenetic analysis of this domain through different approaches has revealed that this domain is more diverse. Thus, three additional phyla have been proposed: the Thaumarchaeota (Brochier- Armanet et al., 2008) , the Korarchaeota (Barns et al., 1996; Elkins et al., 2008) and the Nanoarchaeota (Huber et al., 2002) . The Thaumarchaeota is comprised of ammonia oxidizers of moderate marine and terrestrial environments previously assigned to the Crenarchaeota (Brochier-Armanet et al., 2008; Spang et al., 2010) . On the other hand, cultivated representatives of the Crenarchaeota phylum are hyperthermophiles associated with marine and terrestrial hot springs. Because of the interest in microbial communities that thrive under extreme conditions and the role of their metabolic strategies in global energy cycles, studies of hot habitats such as hot springs have expanded the wealth of crenarchaeotal whole-genome and ribosomal sequences deposited in databases.
The 16S rRNA gene is widely used in the archaeal classification and identification of microorganisms in environmental samples. Nevertheless, archaeal phylogenies based solely on the 16S rRNA gene have shown a lack of ability to resolve the deepest nodes probably due to the limited number of phylogenetically informative nucleotides in the gene (Robertson et al., 2005) . Other concerns include the presence of multiple heterogeneous copies of the 16S rRNA gene within a genome (Dahllof et al., 2000; Crosby & Criddle, 2003; Case et al., 2007) and the formation of chimeric PCR products from complex environmental samples (Wang & Wang, 1997) . To overcome and detect these limitations, the use of as many additional gene markers as can be studied in phylogenetic analyses is recommended (Bapteste et al., 2004) . The availability of an increasing number of complete archaeal genomes has led to the use of other genetic markers. For example, the ribosomal proteins have the same evolutionary attributes at the 16S rRNA gene, and indeed, have been used as an alternative to the 16S rRNA gene to study archaeal phylogeny (Matte-Tailliez et al., 2002; Slesarev et al., 2002; Waters et al., 2003) . Phylogenetic analysis of these proteins and comparative genomics confirmed that ammonia-oxidizing archaea, initially assigned to the Crenarchaeota based on 16S rRNA gene phylogeny, belong to the novel phylum Thaumarchaeota (BrochierArmanet et al., 2008; Spang et al., 2010) . In addition, for cultivation-independent studies, the faster evolution of protein encoding genes, particularly at degenerate positions, can give rise to a higher resolution for hypothesis testing (e.g. for biogeography studies). An example in the three domains of life are the heat-shock proteins (Hsps) that have been used as additional phylogenetic markers in Bacteria (Goh et al., 1996; Jian et al., 2001; Hill et al., 2002; Mikkonen et al., 2004) . Class II chaperonins in Archaea, also denoted as TF55 or thermosomes, were considered to be present only in archaeal hyperthermophiles, but on mining whole-genome sequences, this protein has been revealed in all archaeal species in contrast to Hsp70, which is absent in the extremophiles (Laksanalamai et al., 2004) . The chaperonin complexes are composed of identical or different subunits arranged in rings of eight to nine subunits depending on the organism. These subunits are encoded by one to five homologous genes, which are the result of the prespeciation and postspeciation duplications that the chaperonin undergoes within archaeal genomes (Archibald et al., 1999; Archibald & Roger, 2002) . Chaperonins are involved in the folding of nascent or denatured proteins (Ranson et al., 1998; Gutsche et al., 1999) . In the hyperthermophilic archaeon Sulfolobus shibatae, chaperonins are also functionally related to heat shock because the synthesis of large amounts of Hsp60 was observed during acquired thermotolerance (Trent et al., 1994) . In this archaeon, two chaperonin subunits (a and b) were induced by heat shock, whereas the third subunit (g) was only induced by cold shock (Kagawa et al., 2003) .
The aim of the present study was to assess whether the chaperonin genes are well conserved enough to show phylogenetic relationships that are comparable to those observed when comparing 16S rRNA genes. To this end, representative archaeal chaperonin gene sequences were chosen to design degenerate primers that were used for the PCR amplification of the chaperonin gene from environmental DNA of four neutral hot springs. A subsequent comparison was made between the 16S rRNA gene phylogeny and the chaperonin phylogeny.
Materials and methods

Sample description
Site sampling was carried out in September 2007 and in August 2008 at Krysuvic -Seltú n and Hveragerdi (Iceland). These locations are geothermal areas, with hot spots and steam vents that belong to the volcanic systems that lie along the eruptive fault on Reykjanes peninsula in the southwest of Iceland. Subaerial samples located at a depth from 1 to 5 cm were collected from four neutral hot spring streams (Table 1) and introduced into sterile falcon tubes, mixed with RNAlater (Sigma, Steinheim, Germany) to preserve DNA integrity and stored at À 80 1C in the laboratory. DNA extraction from the samples was performed using the Ultraclean Soil DNA Kit (Mo Bio Laboratories, Carlsbad, CA).
Cloning of 16S rRNA and chaperonin genes
The PCR amplification of the partial archaeal 16S rRNA gene, 590-bp amplification product, was carried out with the universal primers ARC344F (5 0 -ACGGGGYGCAG-CAGGCGCGA-3 0 ) (Raskin et al., 1994) and ARC915R (5 0 -GTGCTCCCCCGCCAATTCCT-3 0 ) (Stahl & Amann, 1991) . These primers were chosen because they amplify a wide range of 16S rRNA gene sequences in the domain Archaea. Each reaction mixture contained 10 ng of environmental DNA, 250 mM of each of the four dNTPs, 1.5 mM of MgCl 2 , 200 nM of each primer, 2.5 U of Taq DNA polymerase and the appropriate buffer supplied by the manufacturer (Invitrogen, Paisley, UK) up to a total volume of 50 mL. The PCR amplification program used was as follows: one cycle of Classification of the chaperonin subunits as A or B is based on the descriptive names of the sequences reported when this information was available in the databases. In crenarchaeotal sequences, some discrepancies were observed in Pyrobaculum spp., Thermoproteus neutrophilus and Thermofilum pendens because the sequences denoted as B subunits clustered together with A subunits from other species. Therefore, these crenarchaeotal sequences were reclassified according to the divergence observed between A and B subunits in a phylogenetic analysis of their peptide sequences (data not shown). A, Alpha; B, Beta; ND, not determined.
The cloned DNA was sequenced on both strands with primers M13F and M13R using the ABI PRISM dye terminator cycle-sequencing ready-reaction kit (Perkin-Elmer, Waltham, MA) and an ABI PRISM 377 sequencer (PerkinElmer), according to the manufacturer's instructions.
The richness of archaeal 16S rRNA gene sequences was calculated using the DOTUR program (Schloss & Handelsman, 2005 ) through a rarefaction curve and Chao1 richness estimate collector's curve, both with a 95% confidence interval (CI), and sequences were assigned to the species (3%) level. As an input file, DOTUR used a Jukes-Cantor matrix carried out using the DNADIST program in PHYLIP 3.6 (Felsenstein, 2005) .
Phylogenetic analyses
16S rRNA gene sequences were first screened for chimeras using CHIMERA_CHECK (Cole et al., 2003) and subsequently compared with available databases using BLAST (Altschul et al., 1990) . A total of four sequences were suspected of being chimeric and were thus removed for further analysis. Identification of the phylogenetic affiliation of 16S rRNA gene sequences was carried out in ARB (http://www.arbhome.de/) with neighbor-joining clustering using the Jukes-Cantor correction. PT-Server was updated with the SILVA release 102 database (Pruesse et al., 2007) . Sequences were aligned using the FAST ALIGNER program and regions of ambiguity were manually resolved. The alignment was exported to PAUP (Swofford, 2002) applying an archaeal positional variability filter (pos_var_Archaea_102). Maximum likelihood (ML) was carried out with PAUP and branch support was assessed using 100 bootstrap replicates.
The chaperonin sequences were submitted to BLASTN and BLASTP analyses to identify related chaperonin genes. The chaperonin sequences of related taxa were obtained from the GenBank database, and an alignment of 245 sites was generated with CLUSTALW (Thompson et al., 1994) , removing ambiguous insertions/deletions manually. ML trees were inferred with the PROML program in PHYLIP 3.6 (Felsenstein, 2005) and using the Jones-Taylor-Thornton amino acid substitution model and the global rearrangements option. Rate variation among sites was estimated using eight g categories. The g distribution parameter (a = 0.68) was estimated using TREEPUZZLE 5.2 (Schmidt et al., 2002) . Branch support was assessed by bootstrap analysis with 100 replicates.
Results
Species richness analyses
To assess the archaeal richness from microbial communities inhabiting four different neutral hot springs, a rarefaction curve and Chao1 richness estimation collector's curve analyses based on 16S rRNA gene sequences were performed. Rarefaction curve calculated for the species level showed signs of levelling of the number of operational taxonomic units (OTU) by increasing the number of sequences sampled of samples 14, 17 and 20 (Fig. 1) . The Chao1 estimator calculated for the species level predicts a minimum number of 25 OTUs (18 to 56 at the 95% CI) for sample 13, 8 OTUs (8-14 at the 95% CI) for sample 14, 10 OTUs (9-17 at the 95% CI) for sample 17 and 6 OTUs (5-18 at the 95% CI) for sample 20. Overall, these analyses indicated that the archaeal richness of sample 13 was higher than in the rest of the samples analyzed in this work.
Phylogenetic analysis of the 16S rRNA gene
The 16S rRNA gene phylogenetic tree shows the main archaeal clades detected (Fig. 2 ). An apparent distribution pattern according to the hot spring of origin was not observed. After removing those sequences that shared 4 99% of the sequence similarity, the most abundant and diverse lineage found was the Crenarchaeota lineage, with 37 unique sequences. In this group, the majority of sequences affiliated with the Thermoproteales clade (62 clones/14 OTUs; shown in green) and were closely related to uncultured and cultivated members of the genera Pyrobaculum, Thermoproteus and Thermofilum as well as to uncultured sequences. The most highly represented group was the order Desulfurococcales (35 clones/12 OTUs; shown in blue), and sequences from the four neutral hot springs clustered within this group, which contained uncultured representatives from hot springs in the United States Great Basin (Costa et al., 2009) and Obsidian Pool in Yellowstone National Park (Meyer-Dombard et al., 2005) , as well as by cultivated strains of Desulfurococcus mobilis, Sulfophobococcus zilligi and F. fontis. The most abundant group of uncultured representatives (58 clones/7 OTUS; shown in gray) was comprised of sequences from sample 20 and to a lesser Fig. 1 . Rarefaction curve using archaeal 16S rRNA gene sequences from the four neutral hot springs at a 3% distance level. Error bars represent the 95% CI. Fig. 2 . ML phylogenetic tree indicating the relationship of sequences retrieved from the four neutral hot springs as reconstructed from the 16S rRNA gene sequences. Sequences detected in this study are shown in bold. The total number of identical to nearly identical sequences ( 4 99% similarity) to each OTU is indicated in brackets after their GenBank accession numbers. Phylogenetic groups are indicated by colored branches (blue, Desulfurococcales; green, Thermoproteales; orange, Korarchaeota; brown, Nanoarchaeota; yellow, Euryarchaeota; gray, uncultured). The tree was rooted with Planctomyces maris (black branch). Nodes that are supported by bootstrap values (Z70%) are indicated by filled dots. Scale bars correspond to 10% sequence divergence. extent from sample 14, which were closely related to sequences from deep-sea hydrothermal deposits (Kato et al., 2009) and the United States Great Basin (Costa et al., 2009) . Other sequences affiliated with uncultured clades include sequences from a near-neutral (pH 7.5) hot pool in Kuirau Park, New Zealand (Sunna & Bergquist, 2003) , and Obsidian Pool in Yellowstone National Park . In addition, sequences that affiliated with the Euryarchaeota lineage (3 clones/2 OTUs; shown in yellow) from sample 17, the candidate division Korarchaeota (2 clones/2 OTUs; shown in orange) from sample 13 as well as Nanoarchaeum equitans (2 clones/1 OTU; shown in brown) from sample 14 were detected.
Phylogenetic analysis of the chaperonin gene
A pair of primers denoted as Ths was designed from representative species whose chaperonin sequences are deposited in GenBank based on the diversity observed with the 16S rRNA gene sequence analysis (Table 2 ). An amplification product of 750 bp was obtained with these primers for genomic DNAs used as positive controls (see Materials and methods) and for DNAs of each environmental sample. The chaperonin gene amplified from each sample was subsequently cloned independently. Only members of the less representative lineages (Euryarchaeota and Korarchaeota) detected previously with the 16S rRNA gene were not detected using this primer pair. To detect the korarchaeotal chaperonin gene from sample 13, we designed a primer set, denoted Kor, which was based on Ths primers, but included the necessary modifications to also amplify this sequence (Table 2) . A specific primer set for the Euryarchaeota was not designed because the degenerate primers Ths and Kor were based on the chaperonin gene of diverse euryarchaeotal species and also matched the chaperonin genes found within Methanothermobacter thermautotrophicus, observed previously with the 16S rRNA gene analysis.
Chaperonin sequences were subjected to BLAST analysis in order to retrieve related chaperonin sequences. The related chaperonin sequences retrieved were found within the same genera observed in the 16S rRNA gene analysis. Chaperonins from the four samples and their related sequences were subsequently aligned and subjected to ML phylogenetic analysis (Fig. 3) . To obtain a more reliable phylogeny, the corresponding paralogous proteins of the related species were included in the analysis because chaperonins have duplications in most of the archaeal genomes. In addition, two chaperonin sequence paralogs found within F. fontis were included in the analysis because sequences that affiliated with this strain were observed in the 16S rRNA gene tree.
The tree shown in Fig. 3 shows the phylogenetic relationships among the 25 chaperonin sequences retrieved in this study and their related chaperonins from the Desulfurococcales, the Thermoproteales and the Korarchaeota. We observed two paralogs, Alpha and Beta, within the main clades, and orthologs that are shared among them. Thus, within the Desulfurococcales, we observed two paralogs for the chaperonin gene of F. fontis and related clones from sample 13 and only the Alpha paralog for a clone from sample 20. In contrast, within D. mobilis and related clones, only the Beta paralog was observed. This latter paralog was also observed within the members that affiliated with the clade of uncultured Desulfurococcales. In the clones related to the chaperonin gene of the Thermoproteales, one or the other paralog was observed. Thus, only the Beta paralog was observed within members that affiliated with Thermofilum pendens, whereas members that affiliated with its Alpha paralog were not observed. On the other hand, only clones that were related to the Alpha paralog of the chaperonin gene of Thermoproteus neutrophilus were found. The same was observed with clones that affiliated with the chaperonin gene of Pyrobaculum islandicum because they were related to the Alpha paralog, but not to the Beta paralog. From the clones related to the chaperonin gene of P. islandicum and T. neutrophilus, only one clone, from sample 14, was found to be affiliated with the Beta paralog. A clone from sample 17 affiliated with the Beta paralogs and was assigned to a clade denoted as uncultured archaea due to the large distance to the closest reference sequence and a lack of bootstrap. Within the Korarchaeota, one clone from sample 13, retrieved with the Kor primer set, affiliated with the Beta paralog of Candidatus Korarchaeum cryptofilum, whereas clones of this phylum related to the Alpha paralog were not observed.
Owing to the paralogy found in the chaperonin sequence within the main clades, we observed orthologs among them. Thus, in the Beta paralog, we found 14 environmental chaperonin sequences that were orthologs among them and distributed within all the main clades observed: the Desulfurococcales, the Thermoproteales and the Korarchaeota. In contrast, less diversity was found within the Alpha paralog, where 11 environmental chaperonin sequences were orthologs between the Thermoproteales and the Desulfurococcales.
Comparison between the 16S rRNA gene and chaperonin phylogenies
Chaperonins were less well conserved than the 16S rRNA gene as revealed by the sequence similarity observed among closely related species. The number of OTUs from different samples was compared between both markers. Thus, the numbers of different OTUs observed in the 16S rRNA gene phylogenetic tree (Fig. 2) for samples 13, 14, 17 and 20 were 17, 9, 10 and 5, respectively, whereas the numbers of different OTUs observed in the chaperonin phylogenetic tree (Fig. 3) for these samples were 9, 8, 5 and 3, respectively.
In both the 16S rRNA gene and the chaperonin phylogenetic analysis, the sequences retrieved were not distributed according to their sample of origin. Also, the proportion of sequences from sample 20 can be considered low in comparison with the sequences retrieved in the rest of the samples.
In both phylogenies, clones from neutral hot springs that affiliated with members of the Thermoproteales represented by T. neutrophilus, Pyrobaculum sp. and T. pendens and the Desulfurococcales represented by D. mobilis and F. fontis were observed. The monophyletic relationship between the Thermoproteales and the Desulfurococcales was observed in the 16S rRNA gene phylogeny and also in the Alpha and Beta subunits of the chaperonin phylogeny with bootstrap support. Another apparent clade detected in both phylogenies and closely related to the Desulfurococcales lineage as revealed by the chaperonin phylogenetic analysis was that denoted as Uncultured Desulfurococcales (Fig. 3) , constituted mainly by uncultured members of samples 20 and 14. In addition, clones that affiliated with the Korarchaeota were observed as a basal clade in both phylogenies.
In summary, the chaperonin phylogenetic analysis based on the combined use of Ths and Kor primers enabled the Fig. 3 . Phylogenetic analysis of chaperonin sequences retrieved from the four samples using Ths and Kor primers (shown in bold) including the two paralogs of Fervidicoccus fontis and related sequences from cultivated members. The ML tree was reconstructed from 243 aligned amino acid sequences using the Jones-Taylor-Thornton substitution model. The total number of identical to nearly identical sequences ( 4 98% similarity) to each OTU is indicated in brackets after their GenBank accession numbers. Phylogenetic groups are indicated by colored branches (blue, Desulfurococcales; green, Thermoproteales; orange, Korarchaeota; gray, uncultured). The tree was rooted with Archaeoglobus fulgidus (black branch). Nodes that are supported by bootstrap values (Z70%) are indicated by filled dots. Scale bars correspond to 10% sequence divergence. detection of sequences from the main archaeal lineages and samples detected previously with the 16S rRNA gene, including a clade that consisted exclusively of uncultured sequences from this extreme environment.
Discussion
Chaperonin Hsp60-encoding genes are conserved in the domain Archaea and are involved in a heat shock response in S. shibatae (Trent et al., 1994; Kagawa et al., 2003) . Therefore, these proteins may play a key role in the archaeal evolution. The phylogeny of archaeal chaperonins has been studied in detail in cultivated archaea, showing that chaperonins underwent multiple gene duplication events that gave rise to paralogs within archaeal species (Archibald et al., 1999; Archibald & Roger, 2002; Kagawa et al., 2003; RuanoRubio & Fares, 2007) . However, the chaperonin diversity and its comparison with the diversity retrieved by the 16S rRNA gene in the environment have not been examined until now. The congruence between both genes is thus important not only to gain an insight into the evolutionary history of the Archaea but also to assess whether the chaperonin gene can be used as a novel phylogenetic marker. In addition, the faster evolution of the chaperonin gene, due to mutations at degenerate positions, can provide a higher resolution for testing biogeographical hypotheses. To address these issues, we first surveyed the archaeal diversity based on the 16S rRNA gene from four neutral hot springs. The diversity retrieved by the 16S rRNA gene showed that the samples were dominated mainly by uncultured members of two crenarchaeotal orders: the Thermoproteales and the Desulfurococcales. In contrast, sample 20 showed the lowest richness and archaeal phylotypes that had not been described previously in Icelandic samples. Clones from this sample are related to sequences from different and distant sites such as the United States Great Basin (Costa et al., 2009 ) and deepsea hydrothermal deposits in the Mariana Trough (Kato et al., 2009) . Nevertheless, a number of different phylotypes found in the samples analyzed in this study were also observed in previous studies on neutral Icelandic hot springs (Skirnisdottir et al., 2000; Hjorleifsdottir et al., 2001; Kvist et al., 2007; Perevalova et al., 2008) including members of the Korarchaeota lineage (Reigstad et al., 2009) , indicating that the sequences retrieved can be considered representative of these neutrophilic and thermophilic archaeal populations. The 16S rRNA gene phylogenetic tree showed the same relationships among members of the Thermoproteales, the Desulfurococcales and the Korarchaeota as previous studies using the 16S rRNA gene (Schleper et al., 2005) , concatenation of 16S rRNA and 23S rRNA genes, and R proteins (Brochier-Armanet et al., 2008; Spang et al., 2010) . The inability to resolve the Korarchaeota clade was due to the lack of different sequences retrieved for this phylum.
To design the primers of this study, we used the available chaperonin genes mainly on the basis of the archaeal species retrieved with the 16S rRNA gene analysis (D. mobilis, T. neutrophilus, P. islandicum, T. pendens and Candidatus Korarchaeum cryptofilum) and diverse euryarchaeotal species. The primers amplified the chaperonin gene from the DNA of the four samples, of the crenarchaeotal F. fontis as well as of the euryarchaeotal species used as positive controls. The low diversity and relative abundance of euryarchaeotal and korarchaeotal members observed with the 16S rRNA gene analysis may explain why euryarchaeotal chaperonin genes were not detected and only one korarchaeotal chaperonin gene out of 86 sequences sampled was retrieved. On the other hand, the degenerate primers were designed to specifically amplify one or other paralog from two highly conserved regions of the chaperonin gene of the archaeal species found with the 16S rRNA gene analysis. The only exception was the chaperonin gene of T. pendens, which had high homology between the regions selected to design the primers within both paralogs. Nevertheless, clones that affiliated with its Alpha paralog were not observed with any primer pair and in any of the samples analyzed. A plausible explanation is that the homology in the regions selected for primer design is lower in the chaperonin genes from environmental strains of T. pendens. It is noteworthy that in crenarchaeotal species, there is high homology between the regions of both paralogs selected for the design of primers, particularly in the reverse primer region, owing to gene conversion events (Archibald & Roger, 2002) . Nevertheless, our results were not affected by these events because clones that affiliated with related species within both paralogs were not observed. The only exception was found in the strain of F. fontis, which had two paralogs of the chaperonin gene. In contrast, there is only one chaperonin gene within the genome of its closest cultivated relative, D. mobilis. Such a genetic difference between both species constitutes an additional evidence for the recently proposed order, the Fervidococcales (Perevalova et al., 2010) .
The chaperonin gene amplified with Ths and Kor primers was less conserved than the 16S rRNA gene and thus showed a higher phylogenetic resolution than the 16S rRNA gene to identify closely related species and environmental sequences. In this study, no relationship according to the geographic origin was observed because the hot springs were near each other. Nevertheless, chaperonin sequences of species from distant geographic locations showed a higher degree of divergence than the 16S rRNA gene. For example, the chaperonin genes of F. fontis and Candidatus Korarchaeum cryptofilum retrieved from sample 13 were distantly related to their cultivated representatives isolated from the Kamchatka Peninsula in Russia (Perevalova et al., 2008) and Yellowstone National Park in the United States (Elkins et al., 2008) , respectively. Chaperonin primers retrieved less diversity than the 16S rRNA gene primers, possibly due to a faster evolution in the region where the primers were designed and because they are derived from a limited number of species. Such a low diversity may explain why no chaperonin genes were detected when this set of primers was assayed in a sample of the Rio Tinto rhizosphere (data not shown), where uncultured members of both the Crenarchaeota and the Euryarchaeota lineages were observed (Mirete et al., 2007) . The increasing number of whole archaeal genomes as well as further cultivation-independent studies will increase the number of chaperonin genes available to design novel degenerate primers.
In the chaperonin phylogeny, orthologs of the main clades, which were previously observed by the 16S rRNA gene analysis, affiliated with either the Alpha or the Beta paralog.
One drawback in the use of paralogs genes as gene markers is that their orthologs can reflect different evolutionary patterns. To examine the utility of the chaperonin gene as a phylogenetic marker for the archaea detected, we compared the topology of the trees observed, particularly between the two paralogs and between each paralog and the 16S rRNA gene. In the chaperonin paralogs and in the 16S rRNA gene trees, the monophyly of the Desulfurococcales and the Thermoproteales was observed. The topology of each chaperonin gene paralog was the same with respect to these orders because the nodes could be rotated freely. In addition, the Korarchaeota was placed in a basal position in both the chaperonin and the 16S rRNA gene trees. The phylogenetic relationships of the orthologs shared among the main clades were comparable between both paralogs. These paralogs revealed similar evolutionary attributes that can be explained by the redundancy of function observed in other archaeal chaperonins of the hyperthermophilic archaeon S. shibatae (Kagawa et al., 2003) , the halophile archaeon Haloferax volcanii (Kapatai et al., 2006) and through phylogenetic analyses (Archibald et al., 1999; Archibald & Roger, 2002) . As in the 16S rRNA gene tree, the chaperonin gene tree showed nearly the same phylogenetic relationships described in other studies using the 16S rRNA gene and ribosomal proteins (Schleper et al., 2005; Brochier-Armanet et al., 2008; Elkins et al., 2008; Spang et al., 2010) .
In conclusion, we have shown that the phylogenetic analysis of the chaperonin Hsp60 gene allowed the identification of members of the Desulfurococcales, the Thermoproteales and the Korarchaeota in four Icelandic hot springs. The degenerate primers amplified the chaperonin gene from DNA of several archaeal genera, including members of the Crenarchaeota, the Euryarchaeota and the Korarchaeota, allowing the possibility of using this marker for phylogenetic analysis of these phyla. New insights into the phylogeny of the chaperonin gene of the Crenarchaeota have been gained, but further studies are needed to describe the phylogeny of other archaeal phyla and crenarchaeotal clades in the environment.
